ABSTRACT A one-parameter lamina plasticity model is applied to predict the nonlinear deformation of an E-glass / epoxy cross-ply composite laminate under quasi-static uniaxial tensile loading at different angles to the material orthotropy axes. It is shown that the laminate theory yields accurate results within the plastic strain range covered in unidirectional continuous-fibre reinforced composite tests that are used to determine the plasticity model parameters.
INTRODUCTION
Many fibre composites exhibit physically nonlinear behaviour. A number of models have been used to describe the nonlinear stress-strain relationship. The one-parameter plasticity model proposed in [1] provides efficient means for description of unidirectional (UD) continuous-fibre composite response in monotonously increasing loading. It is based on the associated flow rule and a quadratic approximation of the potential function. The model has been successfully applied to describe the nonlinear deformation of UD boron/aluminum and graphite/epoxy composites under off-axis loading. It has been shown in [2] that the strain amplitude growth caused by the fatigue damage accumulation under off-axis cyclic loading of a fibre dominated glass/ polyester laminate also complies with associated flow rule formalism, having the same potential as for static off-axis loading.
Prediction of a nonlinear laminate response based on one-parameter plasticity model for the plies has proved to be reasonably accurate at small and moderate strains [3, 4] but not at relatively large strain [5] . If laminate response for a large strain range is of interest, effective lamina plasticity properties can be introduced [5] . Alternatively, the orthotropic plasticity theory formalism can be applied to a laminate [6] [7] [8] .
However, a range of practical applications entails only relatively small deformation for composite laminates. Therefore it is essential to establish the limit of applicability for nonlinear laminate response prediction based on laminae plasticity. It appears natural to assume that the laminate theory should yield accurate results within the plastic strain range covered in UD composite tests that are used to derive plasticity model parameters. The aim of present study is to check the applicability range of model described in [3] by using UD and cross-ply glass/epoxy composite test results under off-axis loading.
THEORY
For convenience and completeness, we briefly recapitulate the basic relations of the one-parameter plasticity model of UD composite [1] and constitutive relations for laminate [3] . 
FLOW RULE
By using the associated flow rule, the incremental plastic strains can be written in terms of plastic potential I as:
where Gl is proportionality factor that is related to the plastic work as follows :
Plastic potential is a one-parameter function [1] :
where stresses LM s refer to the principal UD material directions with axis 1 taken along the fibre direction. Therefore plastic strain increments are derived as:
Parameter D is a material constant.
Off-axis tension test
Let the x-axis be the uniaxial loading direction that makes an angle j with the UD composite fibre direction. Then plastic potential, Eq. (4), can be expressed as :
New variables are introduced effective stress
and effective plastic strain S e% such that :
After some manipulations with Eqs. (3), (6), (8), and (9) one obtains
Eq. (11) can be easily integrated in the case of simple loading and yields
For different values of j , the resulting ( ) S s e% % curves must be identical. That is how parameter D can be determined: all the off-axis stress -plastic strain curves must collapse into one mastercurve. This mastercurve usually is fitted by a power law function:
However, parameter D can be also determined using plastic Poisson's ratio S n , defined as:
Applying coordinate transformation law and inserting Eq. (5) into Eq. (14), plastic Poisson's ratio is expressed as a function of j :
that depends upon the same single parameter D .
Elastic-plastic stiffness matrix of a UD composite
The incremental stress-strain relation for the elastic strain is given by:
where H 4 Õ å × ç is the elastic stiffness matrix.
To obtain the incremental elastic-plastic constitutive relations, one starts from yield surface
and the consistency condition at work-hardening
Substituting yield function ) of Eq. (17) into Eq. (18), one arrives at:
+ is instantaneous plastic modulus

Applicability Range of the One-Parameter Ply Plasticity Model for Prediction of the Nonlinear Response of Laminates
After several manipulations, relation between stress increment and strain increment can be expressed as:
where elastic plastic stiffness matrix is defined as follows [3] : 
Relations for Laminate
Following the formulation of the classical laminated plate theory and using proper coordinate transformation, for symmetric laminate we have:
where elastic plastic stiffness matrix in coordinate system [ \ -
and Q is number of plies in laminate, ( ) N E -relative thickness of ply N . The total stresses and strains can be obtained by accumulating stress and strain increments:
3. EXPERIMENTAL The material tested was E-glass/epoxy matrix composite. The specimens were provided with GRP tabs leaving a 130140 mm test section. To measure the deformation of the specimens, rosette type strain gauges (Micro-Measurement CEA-06-250UY-120) were glued at the centre of the specimens. Uniaxial tension tests were performed using the hydraulic MTS 809.40 machine. Three specimens of each lay-up were tested up to failure at cross head speed 2 mm/min. The obtained stress-strain diagrams (averaged for the three tests at each loading angle) both for longitudinal and transverse deformations are plotted in Figures 1  and 2 .
RESULTS
Elastic properties of the UD material are summarized in Table 1 . Plastic properties are determined as follows. First, the plastic strain components are calculated subtracting the linear elastic components from the measured strains: e plot. Plastic strains for 90° loading angle (i.e. loading transverse to the fibre direction) were very small as can be inferred from Fig. 1 . Moreover, the normal and transverse plastic strains in this case exhibited little correlation; therefore plastic Poisson's ratio could not be determined reliably.
The dependence of the plastic Poisson's ratio on the loading angle is shown in Fig. 3 . The estimate of the plastic potential parameter D was obtained by fitting the theoretical relation, Eq. (15), to the experimental data; the best fit by the least-squares method, plotted in Fig. 3 Fig. 3 . The spread of the curves suggests that having determined experimental Poisson's ratio values at several loading angles makes it possible to accurately estimate the sought parameter of the plastic potential function. Fig. 4 shows that the obtained value of D = makes the effective stress -effective strain data for all unidirectional composite specimens collapse into a mastercurve. Approximation of the mastercurve by Eq. (13) yields power function coefficients that are presented in Table 1 . The stress-strain diagrams of UD composite calcu- Due to the relatively high processing temperatures, the composite laminate is expected to develop thermal residual stresses at room temperature. These residual stresses in each lamina are included in the analysis of laminate as described in [3] . Fig. 2 presents the comparison of the measured and predicted stressstrain diagrams for the cross-ply tested. Effective strains in cross-ply composite plies during loading can exceed the effective strain in UD composite at failure. It is seen in Fig. 4 that the effective plastic strain range covered in UD composite tests extends to ca. 0.3 %. Calculation results for the interval when effective strain does not exceed the value of 0.3 % in any ply of the laminate are shown in Fig. 2 by solid line. Within this interval, model prediction agrees with the experimental data very well. Prediction for larger strains using the same parameters is plotted with dotted line. The experimentally measured stress in this region is consistently lower then the predicted which we explain by microdamage (most probably intralaminar cracks) accumulation in layers which is not included in the model. 
CONCLUSIONS
The one-parameter lamina plasticity model proposed by Sun [1] is shown to provide accurate description of nonlinear deformation of UD E-glass/epoxy composite. The model, incorporated in the classical laminate theory, is applied to predict the response of cross-ply composite laminate under quasi-static uniaxial loading at different angles to the material orthotropy axes. The laminate theory yields accurate results within the plastic strain range covered in unidirectional continuous-fibre reinforced composite tests that are used to determine the plasticity model parameters.
